ABSTRACT: Behaviour during the pelagic larval stage of coral-reef fishes can strongly influence dispersal, yet little is known of behavioural ontogeny. Speed, orientation and vertical distribution of larvae of 4 coral-reef fishes ( ) across the size range. All but the smallest, slowest larvae had Reynolds numbers >1000, and so swam in an inertial environment. In situ speeds were 39 to 87% of critical speeds, and smaller larvae swam nearer to critical speed than larger larvae. Of the larvae 71 to 90% swam directionally, but neither percentage of directional individuals nor orientation precision increased with size. P. teira swam toward the southwest (offshore). Epinephelus species undertook ontogenetic changes in orientation. Neither orientation nor ontogenetic changes were found in L. malabaricus. Horizontal swimming can influence dispersal directly. Vertical distribution, which differed among species, can influence dispersal indirectly. P. teira became surface orientated, ascending 0.8 m per mm increase in length. L. malabaricus descended 0.5 m per mm increase in length. E. coioides ascended 0.4 m per mm increase in length. E. fuscoguttatus preferred greater depths, and lacked ontogenetic changes. The behaviours and their development show these larval reef fishes can influence dispersal in speciesspecific ways.
INTRODUCTION
Unlike terrestrial vertebrates, the large majority of marine teleost fishes have a 2-phase life history, including a larval stage that is small and pelagic and therefore subject to dispersal in ambient currents (Cowen 2002 , Fuiman & Werner 2002 . Particularly in reef fishes, adults are relatively site attached, so it is during the pelagic larval stage that the spatial scale of dispersal is determined, and this largely determines the spatial scale of population connectivity (Sale 1991 , Cowen 2002 . Increasing interest in estimating population connectivity in reef-fish populations comes from a desire to understand the geographic scales over which their population demography operates, from both theoretical and applied perspectives , Gaines et al. 2007 . One prominent means by which the scale of dispersal is estimated is by the use of numerical dispersal models .
Until recently, most marine ecologists assumed that dispersal of fish larvae was largely a physical process in which the behaviour of larvae played little part. Dispersal models reflected the assumption that dispersal took place over very large spatial scales (Roberts 1997) . Over the past 10 yr, increasing evidence has accumulated that local self-recruitment is common and that the spatial scale of larval dispersal in reef fishes is smaller than previously assumed , BL s . In P. teira and L. malabaricus, speed was 11.2 to 16.6 cm s -1 (4 to 20 BL s -1 (Swearer et al. 2002 , Almany et al. 2007 . It is now generally recognized that larval reef fishes have behavioural capabilities that can influence dispersal outcomes, but this view is based largely on research on settlement-stage larvae at the end of their pelagic stage (Leis 2006) . Little is known about the behavioural capabilities of younger, smaller larvae; yet, this information is needed to develop realistic dispersal models (Leis 2007) .
Although it is widely accepted that vertical distribution behaviour (swimming and orientation) of fish larvae can strongly influence dispersal, albeit indirectly, the development of behaviours that can directly influence dispersal during the pelagic larval stage has received little attention (Leis 2006) . In part, this is because, until recently, it was thought that horizontal swimming and orientation capabilities of fish larvae were too limited to directly influence dispersal outcomes. Secondly, these behaviours are difficult to observe in the sea, laboratory observations of such behaviours have tended to indicate that they were feeble, and some laboratory observations are difficult to apply to field situations. Finally, it has been widely, if implicitly, assumed that the limited behavioural capabilities of a few well-studied species (typically, of the orders Clupeiformes, Pleuronectiformes and Gadiformes) were representative of fish larvae in general (Blaxter 1986 , Miller et al. 1988 .
Recent work on the behaviour of reef-fish larvae has focused on larvae that are at the end of their pelagic stage and ready to settle. Settlement-stage larvae can be captured in good condition using light traps or crest nets, but younger, smaller larvae are rarely captured using these methods, and small larvae captured in towed nets are seldom in good condition. Therefore, we obtained larvae of a range of developmental stages from the aquaculture industry in Taiwan, where many species of reef fishes are commercially cultured (Yu 2002) . This enabled us to study the ontogeny of behaviour in 4 commercially important reef-fish species. A previous paper (Leis et al. 2007a ) reported on the ontogeny of a laboratory-based measure of swimming performance, critical speed (U crit ). Critical speed is a valuable comparative measure of potential swimming speed, but neither larvae nor adults actually swim at their critical speed in the sea (Fulton 2007 , Fisher & Leis 2009 ), although there is frequently a correlation between critical speed and in situ speed (Leis & Fisher 2006 , Leis et al. 2006a ,b, Fulton 2007 . We released and observed reared larvae from 4 reef-fish species of 3 families in the ocean and studied the development of swimming speed, orientation and vertical distribution, all of which are relevant to dispersal. The studied species were a batfish Platax teira (Ephippidae), a tropical snapper Lutjanus malabaricus (Lutjanidae), and 2 groupers Epinephelus coioides and E. fuscoguttatus (Serranidae). All spawn pelagic eggs that hatch in about 24 h, and the larvae are pelagic for 3 to 5 wk before settling into demersal habitat (Table 1) , but their larvae vary in morphology ( Fig. 1 ) from deep-bodied and robust to moderate in depth and compressed with very long spines in dorsal and pelvic fins (Leis & Carson-Ewart 2004) .
In our study of swimming, orientation and vertical distribution of larval reef fishes in the ocean, we found species-specific behavioural ontogeny. All 4 species had behaviours over the size ranges we studied that were capable of influencing dispersal outcomes.
MATERIALS AND METHODS
Larvae. Larvae were obtained from commercial aquaculture farms near Kaohsiung, Taiwan, in May 2004 and May/June 2005. Platax teira and Lutjanus malabaricus were reared in outdoor earth ponds. Epinephelus coioides and E. fuscoguttatus were reared in indoor concrete tanks. The aquaculturists did not maintain breeding stock, but obtained eggs for rearing from elsewhere. The species were identified by the farmers with reference to photographs, and we subsequently confirmed identification by examination of preserved specimens, and, for the Lutjanus species, also mitochondrial DNA. The larvae were held at the National Museum of Marine Biology and Aquarium (NMMBA), Pingtung, Taiwan, in 40 l aquaria filled from the NMMBA seawater system and kept at ca. 25°C. Twice daily, the larvae were fed with live, newly hatched brine shrimp Artemia sp. nauplii and 50% of the water was exchanged with fresh seawater. The bottoms of the aquaria were cleaned daily by suction. Larvae were transported from NMMBA to the study sites in covered buckets fitted with a battery-operated aerator. At the study site, seawater was gradually added to the bucket to acclimatise the larvae to ambient water conditions, and 50% of the water in the bucket was exchanged every hour. Larvae were used for observations in the morning to early afternoon, within 6 h of departure from NMMBA.
Reported sizes of larvae are standard length (SL, in mm). The nomenclature of early-life history stages of fishes is complex, with several systems of terminology and no consensus on the most appropriate. Depending on the nomenclature used, the individuals we studied (Fig. 1) could be considered larvae, postlarvae, or juveniles, or a mixture. We did not attempt to distinguish between larvae and juveniles, and, for simplicity, we refer to the young fish under study here as larvae, but acknowledge that some terminologies might refer to them by other labels. The key point is that these small fishes were still pelagic, having not yet settled.
Field procedure. The behaviour of the larvae was observed following standard in situ procedures (Leis et al. 1996 , Leis & Carson-Ewart 1997 , 1998 . The size of each larva was estimated with the aid of a ruler before release. An observer diver released a larva at 5 m depth. The direction the observer faced when releasing the larva was randomized. Once the larva chose its initial trajectory, the observer followed the larva while a second diver followed the observer, recording data. The larvae were clearly aware of the presence of the divers, and behaviour of the larvae might have been influenced by the divers, but circumstantial evidence indicates that the behaviours observed were not unduly affected, and that this approach offers the best currently available means of observing the behaviour of fish larvae in the sea (Leis et al. 1996 , Leis & CarsonEwart 1997 , 1998 . A larva was used only once, and, where possible, was recaptured at the end of the observation period. Recaptured larvae were euthanized, fixed in ethanol, measured, and used to generate a correction factor for the pre-release size estimates of larvae not recaptured. Recaptured larvae were lodged in the Australian Museum, Sydney. We attempted to observe each larva for 10 min, taking measurements of swimming depth and direction with a dive computer and compass, respectively, every 30 s. Speed was calculated from distance travelled measured by a calibrated flow meter over the full time of observation (Leis & Carson-Ewart 1997) . Thus, we measured larval speed and direction (i.e. velocity) relative to a water column that was moving, not velocity relative to the bottom. Larvae were not followed deeper than 15 to 20 m (depending on the dive) for safety reasons, so observations on some individuals were curtailed. Depth amplitude is the difference between the greatest and least depth observed for an individual.
Study areas. Our study area was in the South China Sea, off the southern tip of Taiwan (ca. 22°N, 121°E; Fig. 2 ) in Nan Wan Bay, at the extreme south of the island, where the depth range was 16 to 41 m over largely sand bottom, but with some low-relief coralreef patches, and at Her Chen, on the west coast, just off the peninsula delineating the west side of Nan Wan Bay, at a depth range of 14 to 31 m over high-relief bottom, with a high proportion of coral reefs. In each area, observations were made at least 50 m offshore. Water temperature was 26 to 29°C. Water-column depth was measured by the depth sounder on the support boat at the start of each larval release.
Data analysis. To determine the best predictor of performance, values of swimming speed were regressed against SL using linear, logarithmic, power and exponential models. In all cases, the linear model provided the best fit (highest R 2 ), and only these relationships are reported. These relationships apply only over the size ranges of larvae we studied, and different relationships may well have been detected if we had been able to include smaller larvae, which would be expected to have weaker swimming abilities (Fisher et al. 2000 . In some analyses, larvae were partitioned by size increments to compare behaviour at different stages of development. We attempted to place similar numbers of individuals within the different size groups, and the size groups differed among species.
All bearings are given as degrees magnetic, which is 3°W of true north in the study areas. The 21 observations of vertical distribution over 10 min for each larva may be autocorrelated, which would violate the assumptions of most statistical procedures. To test for this, autocorrelation among depth observations was determined (Statistix Version 1.0, NH Analytical Software) for each individual trajectory. Where significant autocorrelation was detected, depth observations were omitted until autocorrelation was eliminated (e.g. if autocorrelation at a lag of 1 was detected, every second depth observation was omitted from the analysis; for more details see Leis 2004 , Huebert 2008 ). In about 13% of individuals, no significant autocorrelation was found, so all observations were used. In about 70% of the cases, significant autocorrelation was found only at Table 2 ). The depth-frequency distributions were then tested for differences among size groups of larvae by the 2-tailed, 2-sample Kolmogorov-Smirnov (K-S) test. For all statistical tests, we report actual p-values whenever possible, but consider p < 0.05 to constitute a 'significant' result. Standard circular statistical procedures were followed for analysis of horizontal orientation data (Batschelet 1981 , Zar 1996 . Mean vector length (r), is a measure of angular dispersion (or orientation precision) ranging from 0 (maximum dispersion) to 1 (lack of dispersion). The Rayleigh test (RT) was used for single-sample hypotheses about directional swimming, and the Watson-Williams (WW) test was used for multiplesample hypotheses. Rao's test was used for singlesample hypotheses if bimodality was suspected. We examined the orientation of individual larvae, and, for individuals that had significant swimming directionality, we used the individual mean bearings to examine the orientation of groups of individuals, usually selected on the basis of size. For testing distributions consisting of mean bearings of individual larvae, we included only means from individuals with non-random trajectories. Circular statistical procedures were performed with Oriana software (Version 2.01, Kovach Computing Services). In circular statistics, the terms uniform distribution and random distribution are used interchangeably (Zar 1996) .
Although a total of 102 larvae of the 4 species was released and observed (Table 1) , the number that provided useful data was less, as each individual did not always provide useful data of all 3 types. For example, some larvae swam downward too steeply for reliable measurement of speed, whereas other larvae were observed for too short a time (< 5 min) to provide reliable information on orientation. As a result, 11 individuals did not provide useful speed information; 16, for orientation; and 5, for depth. When assessing differences among size-defined groups of larvae, the size range of each group was adjusted so that, within a species, the number of individuals within each group was approximately equal. This means that the number of size-defined groups, or the size range of groups, may differ among species, and in some cases within species for particular behaviours.
RESULTS

Swimming speed
Speeds of larvae in situ ranged from 1.7 to 30.2 cm s -1 (Table 3) . Mean speeds for each species across the sizes studied ranged from 11.2 to 20.4 cm s -1 for Platax teira and Epinephelus coioides, respectively. Although all 4 species had a positive linear relationship between swimming speed and size, only in the Epinephelus species was this relationship significant, explaining between 35 and 54% of the variation in speed (Table 3 , Fig. 3 ). The rate of increase in speed with increase in size was similar in the 2 Epinephelus species (1.4 to 2.3 cm s -1 per mm increase in SL, but the 95% CI of the slopes broadly overlapped, Table 3 ).
Although the regressions in Table 3 provide the best overall representation of how speed changes across the full size range, some details are lost. Therefore, for each species, we calculated the mean (± SE) speed for each 1 mm size increment (Fig. 4) . This showed that the rotund larvae of Platax teira increased in speed rapidly with size, from about 5 to >10 BL s -1 between 6 and 10 mm and were at least as fast as Epinephelus coioides at 9 to 10 mm (Fig. 4) . E. coioides increased in speed at a moderate rate with increased size, and remained largely within a range of 10 to 15 BL s -1 throughout development. In contrast, E. fuscoguttatus was initially slow for its size (< 5 BL s -1
), yet increased in speed rapidly, both in terms of actual speed and standardized speed, so by 20 mm, as it neared settlement, it swam as fast as E. coioides (both at about 12 BL s -1 ). The lutjanid, Lutjanus malabaricus, did not increase in speed with increased size, rather, its speed was variable, even between adjacent size classes, but with values largely between 5 and 10 BL s Table 3 for details of regressions For each species, the fastest individual within each 1 mm size increment was up to 11 cm s -1 faster than average (Table 4 ). This varied among species, with the mean difference between the fastest and average ranging from 3.2 to 6.5 cm s -1
. In none of the species was the difference between best and average performance significantly related to size.
In situ speed standardized to size ranged from 4 to 20 BL s -1 (Table 3) , with mean speeds for each species across the sizes studied ranging from 8.9 to 12.8 BL s -1
for Epinephelus fuscoguttatus and Platax teira, respectively. Standardized speed presented a variety of relationships with size, but only in the case of E. fuscoguttatus was the relationship significant; in this case, a linear relationship explained only 19% of the variation in speed (Table 3) , i.e. an increase of 0.7 BL s -1 for each 1 mm increase in size (Fig. 4) .
The Reynolds number (Re; see Webb & Weihs 1986) was calculated for each larva for which in situ speed was measured. Re < 300 indicates a viscous hydrodynamic environment, whereas Re > 1000 indicates inertial forces predominate (Leis 2006) . Only 1 larva had a value of Re < 300 (a 13 mm Epinephelus fuscoguttatus with Re = 295), indicting it swam in a viscous environment. In 10 larvae of 3 species (5 Platax teira, 6 to 10 mm; 2 E. coioides, 10 mm; 3 E. fuscoguttatus, 14 to 15.5 mm), Re was between 300 and 1000, indicating an intermediate hydrodynamic environment where both inertial and viscous forces were important. The rest of the larvae (n = 87) had values of Re > 1000, so they were swimming in a largely inertial environment, including the smallest studied larvae of Lutjanus malabaricus (12 mm) and E. coioides (9 mm). In P. teira and E. fuscoguttatus, the slowest and smallest larvae (6 to 10 mm and 14 to 15 mm, respectively) swam in an intermediate environment, but a largely inertial environment was attained with a small increase in size or speed. All larvae were in a largely inertial hydrodynamic environment by 8 to 14 mm, depending on species.
The ratio between in situ speed and critical speed (values for the latter from Leis et al. 2007a ) was calculated for 1 mm size increments for each species, and the values ranged from 0.32 to 1.4 (Table 3 , Fig. 5 ). The within-species mean value of this ratio ranged from 0.4 to 0.9 for Epinephelus fuscoguttatus and Platax teira, respectively. All 4 species had a positive linear relationship between in situ and critical speeds, based on the 1 mm increment values, but only in P. teira and E. coioides was this relationship significant, with critical speed explaining 79 and 65% of the variation in in situ speed, respectively (Fig. 5) . Although the slopes of the relationships in these 2 species seemed disparate -0.49 versus 1.44 cm s -1 for each 1 cm s -1 increase in critical speed -the 95% CIs for the 2 slopes broadly overlapped (Table 3) .
Orientation
The proportion of individual larvae that had directional swimming behaviour ranged among species from 71 to 87%, and the mean directional precision (r ) of individual larvae ranged from 0.59 to 0.66 among the 4 species (Table 5) . There was no indication that precision of directionality (r) changed with size of the larvae (Fig. 6) , as in no species was there a significant linear relationship between size and r. Size explained, at most, 19% of the variation in r. There was no other indication of ontogenetic withinspecies trends in orientation precision (Fig. 6) .
Larvae of Platax teira had strong overall directionality, swimming southwest (RT, p = 0.001; Fig. 7 ), which at the study location in Nan Wan Bay was away from shore. The narrow size range (6 to 10 mm) and small number of larvae (9 of 11 were directional) precluded any rigorous analysis of ontogenetic changes in direction, but the 2 smallest larvae (6 to 7 mm) swam south-southeast (149 to 180°), whereas the other larvae (8 to 10 mm) swam southwest-west (210 to 266°).
The 27 directional larvae of Lutjanus malabaricus had an overall average swimming direction of south, but this was not significantly different from uniform there was no significant difference in swimming direction among the 3 size groups (WW, p = 0.07; Table 6 ). This was in spite of average bearings of the size groups of: small (12 to 15 mm), 216°; medium (16 to 18 mm), 152°; and large (19 to 21 mm), 12° (Fig. 8A,B) . However, the mean value of 216°for small larvae is somewhat misleading, as the distribution of mean bearings was bimodal, as reflected by a significant result in Rao's test (p < 0.01), with direction modes of westnorthwest and south-southeast (Fig. 8A ). This bimodality for small larvae was evident in both study areas, but was not evident for larger larvae. At Her Chen, the modes for small larvae were away from shore (west) and roughly parallel to shore (south), whereas in Nan Wan Bay, the modes were toward shore (west) and away from shore (south) due to differences in the shape and orientation of the coast. Similar modes in both locations imply that they were not the result of location-dependent factors, but rather a fixed pattern of behaviour on the part of smaller larvae. The 20 directional larvae of Epinephelus coioides had an overall average swimming direction of east-northeast, but this overall distribution of mean swimming directions was not significantly different from random (RT, p = 0.33). Regardless of size or location, only 3 of the 20 larvae swam away from shore: 10 swam toward shore, and 7 swam approximately parallel to shore. There were, however, ontogenetic differences in swimming direction in this species among the 3 size groups of larvae: small (<12 mm), medium (13-18 mm) and large (>18 mm). Small larvae had an average swimming direction of north-northeast (RT, p = 0.01), medium larvae of south-southeast (RT, p = 0.06) and large larvae of northeast (RT, p = 0.80) (Fig. 9A-C ,  Table 6 ). These 3 distributions were significantly different (WW, p = 0.001; Table 6 ). On a pair-wise basis, the difference between small and medium larvae was significant (WW, p < 0.001), that between medium and large larvae approached significance (WW, p = 0.07), and that between small and large larvae was not significant (WW, p = 0.68). In brief, small larvae, on average, swam toward shore, medium larvae swam away from or perhaps parallel to shore, and large larvae swam, on average, toward shore, but this last distribution did not have significant directionality.
The 12 directional larvae of Epinephelus fuscoguttatus had an overall average swimming direction of north-northeast, but this distribution of the individual mean swimming directions was not significantly different from random (RT, p = 0.91). About half the larvae swam toward shore and half swam away from shore at the study location in Nan Wan Bay. There were, however, ontogenetic differences in swimming direction between medium and large larvae (no small larvae were studied). On average, medium larvae swam northwest (RT, p = 0.32), and large larvae swam southeast (RT, p = 0.56; Fig. 10A ,B, Table 6 ). Although neither of these distributions was significantly different from random, they were significantly different from each other (WW, p = 0.02; Table 6 ). The mean direction of medium-sized larvae was toward shore, whereas for large larvae, it was approximately parallel to shore.
Vertical distribution
Mean depth for each larva was plotted against size to look for possible ontogenetic changes in depth. Although significant linear relationships (p = 0.026 to 0.030) between depth and size were found in 3 species, the relationships were weak, with size explaining only 15 to 36% of variation in depth. A clearer picture emerged from analysis of the depth-frequency distributions.
Larval Platax teira were very surface orientated. All remained in the upper 7 m of the water column, and did not swim deeper than our safety depth. There was a significant (p = 0.029) ontogenetic ascent of ca. 0.75 m in mean depth per 1 mm increase in size, but size explained only 35% of the variation in mean depth. The depth-frequency distributions of small (6 to 8 mm) and large (9 to 11 mm) larvae (Fig. 11A) were significantly different (K-S, p < 0.005): small larvae were roughly evenly distributed across the upper 7.5 m, whereas > 70% of observations of large larvae were in the upper 2.5 m. Depth amplitude ranged from Table 6 . Ontogeny of orientation in larvae of 3 species of coral-reef fishes. For each size grouping, the overall mean swimming direction is based only on directional individuals (n). Also provided are p-values for Rayleigh test and directional precision (r). Watson-Williams (WW) tests are for all size groupings of the species. For Platax teira, too few individuals were directional for ontogenetic analysis of orientation. The sizes of larvae in the groupings small, medium and large differ among species, see 3 to 6.5 m (mean ± SE = 5.2 ± 0.4 m), and was not related to size (p = 0.36).
Larval Lutjanus malabaricus had a significant (p = 0.03) ontogenetic descent of about 0.47 m per 1 mm increase in size, but size explained only 15% of variation in mean depth. The ontogenetic descent was more clearly shown in the depth-frequency distributions, where the small larvae were primarily confined to the upper 7.5 m, with a strong mode at 0 to 5 m. The mode of medium-sized larvae was about 2.5 m deeper than that of small larvae, and large larvae had a broader and deeper mode (Fig. 11B) . About one-third of the observations of large larvae were at depths >10 m, whereas fewer than 10% of the observations of small and Fig. 7 . Compared to a uniform distribution, the distribution of (A) small (9 to 12 mm) larvae was significantly different (RT, p = 0.01); (B) medium larvae (13 to 18 mm) approached a significant difference (RT, p = 0.06); and (C) large larvae (18 to 21 mm) was not significantly different (RT, p = 0.8). There was a significant difference among the distributions of the 3 size groupings (WW, p < 0.001; see Table 6 ) Fig. 7 . Neither of the distributions of (A) medium (12 to 18 mm) nor (B) large larvae (18 to 21 mm) were significantly different from uniform (RT, p > 0.3), but the distributions of medium and large larvae were significantly different from each other (WW, p = 0.02) medium larvae were that deep. The depth-frequency distributions of the 3 size classes of larvae were significantly different (K-S, p < 0.0001). The only L. malabaricus larvae (n = 3) that swam deeper than our safety depth were large (>19 mm), which is consistent with an ontogenetic descent. Depth amplitude ranged from 2.1 to 16.9 m (mean ± SE = 6.5 ± 0.7 m), and was not related to size (p = 0.20). Larvae of Epinephelus coioides had a significant (p = 0.026) ontogenetic ascent of about 0.37 m in mean depth per 1 mm of size increase, but the size of larvae explained only 16% of the variation in mean depth. In contrast, there was no significant difference in depthfrequency among the 3 size classes of larvae (K-S, p > 0.05): all 3 size classes had a mode between 2.5 and 7.5 m (Fig. 11C) . However, some apparent difference was evident in that only the smallest larvae spent >10% of their time deeper than 10 m. In addition, the 6 E. coioides larvae that swam deeper than our safety depth were all ≤15 mm, which is consistent with an ontogenetic ascent. Depth amplitude ranged from 2.1 to 14.5 m (mean ± SE = 8.7 ± 0.7 m), and amplitude decreased with increasing size of larvae at about 0.5 m mm -1 (ampl. = -0.51SL +16.72, R 2 = 0.25, p = 0.002), although the relationship explained only 25% of the variation in amplitude. Hence, it seems that the apparent ontogenetic ascent is driven in part by ontogenetic changes in amplitude.
Epinephelus fuscoguttatus larvae had no apparent ontogenetic change in vertical distribution. There was no significant relationship between size and mean depth (p = 0.67), nor was there any difference in depthfrequency distribution between medium-sized and large larvae (K-S, p > 0.2; Fig. 11D ). Similar numbers of In contrast, the depth-frequency distributions of both medium and small larvae of E. fuscoguttatus were significantly deeper than those of E. coioides (K-S, p > 0.0001) medium-sized (n = 5) and large (n = 4) larvae swam deeper than our safety depth. The larvae occurred primarily between 5 and 15 m in the middle of the water column. Depth amplitude ranged from 5.5 to 15.4 m (mean ± SE = 9.2 ± 0.6 m), and was not related to the size of larvae (p > 0.20). The 2 Epinephelus species had significantly different depth-frequency distributions (K-S, p < 0.0001). In both medium-sized and large larvae, modes of E. fuscoguttatus were about 10 m deeper than modes of E. coioides (Fig. 11C,D) .
DISCUSSION
Understanding of development of behavioural capabilities in marine fish larvae is limited. The present study is one of a few based on observations of larvae in the ocean over a range of developmental stages and sizes (Leis 2006 , Leis et al. 2006a ,b, 2009 ) and the first based on larvae of demersal, coral-reef fishes. Knowledge of larval behaviour in reef fishes is based largely on a few families, particularly pomacentrids and apogonids, which lack pelagic eggs, large adult size and commercial value. In contrast, the species studied here spawn pelagic eggs, attain reasonably large size and are commercially important. Further, their larvae represent a range of morphologies and life-history patterns. Except for limited information on in situ speed (see Leis & Carson-Ewart 1997) , nothing is known of in situ larval behaviour in the genera Platax, Lutjanus and Epinephelus.
As found in other studies (Fisher & Leis 2009 ), speed at any size varied considerably, and, as a consequence, the R 2 values even of the significant speed versus size relationships were low (< 0.55). This is an indication that factors in addition to size are important in determining swimming speed in the sea. This includes, for example, condition and motivation of larvae (internal factors), but also variable environmental conditions found in the sea (external factors), including sensory cues (Finn & Kapoor 2008) . Individuals may react to sensory cues differently depending on their stage of development, or time of day (Kingsford et al. 2002) . Although size is generally a better predictor of development than is age (Fuiman & Higgs 1997) , it is clear that size at settlement does vary, indicating that attainment of settlement competence, at least, is not perfectly predicted by size.
Small, slow animals operate in a viscous hydrodynamic environment where swimming is energetically inefficient, and it is often assumed that this applies to larvae of fishes (Webb & Weihs 1986) . Only the smallest, slowest larvae we studied were not swimming in a largely inertial hydrodynamic environment (as indicated by Re > 1000). All studied larvae were doing so by 8 to 14 mm, depending on species, and were therefore able to effectively escape efficiency-sapping viscous forces. Thus, the assumption that larval reef fishes swim inefficiently in a viscous hydrodynamic environment appears unjustified for a major portion of their pelagic stage. This indication of efficient, inertial swimming in the ocean helps explain the high swimming endurance found in reef-fish larvae for a large portion of their pelagic stage (Stobutzki & Bellwood 1997 , Fisher & Bellwood 2001 , Leis et al. 2006a ). Endurance has not been reported in our study species, but it is uniformly high in settlement-stage larvae of coral-reef fishes (Stobutzki & Bellwood 1997) . Further, endurance at speeds similar to the in situ speeds reported here increases rapidly from sizes of about 8 to 10 mm to reach 10s of kilometres at settlement (Fisher et al. 2000 , Leis et al. 2006a ). Therefore, we expect that estimates of in situ speed over 10 min are representative of sustained swimming speeds in the sea (Fisher & Leis 2009 ).
All 4 of the study species had significant linear relationships between size and swimming speed (U crit ) in the laboratory (Leis et al. 2007a) , and these relationships had much higher R 2 values (0.22 to 0.73 higher, depending on species) than those found between size and speed in the sea. This implies that factors in addition to condition and capacity play a role in determining swimming speed in the field, because the larvae came from the same sources in both laboratory and field studies, so condition of larvae should have been similar in both. In Lutjanus malabaricus over the 12 to 23 mm size range, in situ speed did not increase significantly (mean speed was 17 cm s -1 ), whereas in the laboratory, critical speed increased from ca. 16 to 41 cm s -1 . In particular, in the sea, larger larvae chose to swim much more slowly than they were able, whereas smaller larvae were swimming close to their potential (U crit ) performance. In some cases, 'behavioural compensation occurs when functionally limited animals (e.g. an animal that is constrained to run slowly because of its small size) exert more effort' (Dial et al. 2008 ), a situation consistent with swimming of L. malabaricus larvae. In addition, behavioural compensation was apparent in Platax teira larvae, which, at 6 to 11 mm, were the smallest larvae we studied. Larvae of P. teira had in situ speeds that averaged 87% of their swimming capability as measured by critical speed. In contrast, the larvae of the other 3 study species (which were larger than P. teira), swam in the sea at 39 to 67% of their critical speed. This serves as a reminder that laboratory measures of behaviour need to be 'ground truthed' in the field.
When estimating the influence of behaviour on dispersal, consideration of the abilities of the best -rather than average -performers may be relevant. In this study, the fastest individuals within each size interval were several to 10 cm s -1 faster than mean performance, and this superior performance would be expected to result in more behavioural influence on dispersal outcomes and greater volumes searched for food, but also in greater demand for food. Recent evidence from several systems and a variety of species indicates that the fastest growing individual larvae may be the ones that survive to settlement (e.g. Vigliola & Meekan 2002 , Jenkins & King 2006 . Therefore, it may be the best performers in other areas, such as swimming speed, that preferentially survive to reach a settlement site, and, if so, the exceptional performers should be the focus of considerations of dispersal and connectivity.
Critical speed can be used to predict swimming speed in the sea, but the relationships between critical speed and in situ speed are species specific. Among the 4 study species, Platax teira and Epinephelus coioides had strong relationships (R 2 > 0.7) between the 2 measures of speed that could be used for predicting swimming speed in the sea. In contrast, Lutjanus malabaricus and E. fuscoguttatus, had low R 2 values (0.2 to 0.4), and, for these, the overall mean ratio of in situ speed to critical speed of 0.4 to 0.6 provides a better means of estimating in situ speed from critical speed.
Size and morphology of settlement-stage fish larvae can predict swimming ability (Fisher & Hogan 2007) . In a study comparing a wide range of taxa, Fisher & Hogan (2007) found size to be the most important predictor of swimming speed, but did not consider the effects of long fin spines on swimming speed. They also found, perhaps surprisingly, that body width was not a strong predictor of swimming speed (U crit ). Beyond that, they showed that aspects of the shape and size of the caudal fin and caudal peduncle were the most important morphological predictors of swimming ability. However, Fisher & Hogan (2007) worked with settlement-stage larvae at a limited, late stage in development, which makes their results difficult to apply to the present study. The morphology of our study species fell into 3 groups: (1) initially rotund, but later very deep-bodied and compressed (Platax teira); (2) deep-bodied, but strongly compressed, with very long, robust fin spines (Lutjanus malabaricus); and (3) moderately deep bodied and moderately compressed, with some fin spines even longer than in Group 2 (Epinephelus species). None of these species could be considered 'streamlined', and the long fin spines of the lutjanid and serranids would probably be an impediment to swimming. In P. teira it is likely that the radical changes in body shape found in this family (see Leis & Carson-Ewart 2004) contributed to the high variance in speed found in the larger individuals of this species. The fin spines of the other 3 species became relatively much smaller with growth, and this also was likely to have influenced swimming speed. So, attempts to relate swimming ability to morphology in the study species would be problematical. It is notable that scaled swimming speeds in the study species remained largely between 5 and 15 BL s -1 throughout development, in spite of large differences in morphology among species and large changes in morphology within species. One might expect that more streamlined species that lack very long, robust fin spines would be faster swimmers than the species studied here, and there is some support for such an expectation from comparisons of swimming speeds of settlementstage larvae. Morphologically unspecialized pomacentrids, for example, have some of the highest scaled in situ speeds of any reef fishes at settlement, with many species possessing mean speeds of 20 to 34 BL s -1 (Leis & Carson-Ewart 1997 , Leis et al. 2007b .
Reared larvae, such as those used in the present study, may behave differently from wild larvae, and most concern centres on possible inferior performance of reared larvae (Blaxter 1976) . Direct comparisons between reared and wild larvae are few, and have provided mixed results; our comparisons are similarly mixed. There are no previous in situ behavioural studies on larvae of the study species, but there is information on swimming speed of congeners and confamilials (Leis & Carson-Ewart 1997 , Leis & Fisher 2006 . A 9 mm, wild Platax pinnatus swam at 4.9 cm s -1 , whereas 8 to 10 mm reared P. teira larvae swam at 3.7 to 20.1 cm s -1 (mean ± SE = 12.9 ± 1.8), bracketing the wild speed. For Lutjanus spp., 21 to 26 mm wild larvae of Lutjanus carponotatus and L. fulviflamma (n = 1) swam at 24.2 (± 2.3) and 14.5 cm s , whereas 16 to 18 mm reared larvae of E. coioides and E. fuscoguttatus had speeds of 22.4 (±1.5) and 16.1 (± 2.2) cm s -1 , respectively. Most of the wild larvae had speeds that bracketed those of confamilials, or were similar to them. Thus, the reared larvae had speeds that were not clearly different from those of the wild larvae, and a similar result was obtained for critical speed (Leis et al. 2007a) .
Orientation of fish larvae in situ is little studied, but the results obtained here parallel those from other work. Variation in orientation among species has also been found in studies of orientation (Leis et al. 1996 , 2006a ,b, 2007b , Leis & Carson-Ewart 2001 , Hindell et al. 2003 . Pelagic orientation in larval ephippids and lutjanids has not been reported before, and work on serranid orientation is limited to a study that focused on settlement behaviour (Leis & Carson-Ewart 1999) . But, the available studies describe orientation behaviour that is roughly similar within families and that differs among families. The very limited work on the ontogeny of orientation in larval fishes is consistent with the present results in showing that orientation ability develops relatively early in the larval stage, but then its precision does not improve with ontogeny, and that ontogenetic changes in the direction of orientation are common. A final similarity among all studies is the relatively low precision of orientation by fish larvae.
Regardless of whether orientation was characterized in relation to habitat, in this case, toward shore or away from shore, or in relation to compass direction, larvae in the present study had a variety of orientation behaviours. One species swam offshore (southwest). One species had bimodal directionality that was along the same compass directions in both locations, but that translated to offshore and roughly parallel to shore at one location, but offshore and onshore at the other. Two species had ontogenetic changes in orientation: in one species, small and large larvae swam toward shore, while medium larvae swam offshore, and, in the other, medium larvae swam toward shore and large larvae swam parallel to shore. Given this variety, it is difficult to suggest that orientation in these species is in response to the same cue or cues. In fact, different cues may be used by different species or stages (Kingsford et al. 2002) . The bimodality in orientation found in 1 species suggests a cue, such as sound, in which a 180°ambiguity has been predicted (Montgomery et al. 2006 ), or it may represent an attempt by larvae to remain in a specific area by alternating their swimming directions. The alternating ontogenetic patterns of orientation found in 2 species may also represent an attempt to remain in a specific area. Although the larger larvae we observed in situ were of settlement size and frequently swam over reefs, none made any attempt to settle or even to closely examine the reefs.
The behaviours observed were within the range of those found in previous field studies of larval-fish behaviour, although there have been few such studies that examined a range of sizes and states of development. Over a size range of 6 to 24 mm, larvae swam at 4 to 30 cm s . This is similar to in situ speeds reported for larvae of other species of similar size (Leis 2006) . Orientation precision did not change with size, nor did the percentage of individuals that swam directionallyresults that are in line with previous studies (Leis et al. 2006a (Leis et al. ,b, 2009 . The 4 species differed in their orientation: 1 species was highly orientated, 2 species had ontogenetic changes in orientation, and 1 species had neither significant orientation, nor ontogenetic changes in orientation.
The combination of swimming speeds in the same range as coastal current speeds and orientation ability means that the larvae of the species studied have the ability to directly influence dispersal outcomes through horizontal swimming (Power 1984) . Even the smallest larvae we studied (6 mm) were capable of swimming at > 3 cm s -1 , which means they should be able to influence dispersal outcomes (Leis 2006) . The average swimming speeds of larger larvae were faster than those of average currents in many coastal areas and are therefore 'effective' (sensu Leis & Stobutzki 1999) . In addition, the best performers were 3 to 6 cm s -1 faster than mean performers, allowing greater influence. But, larvae need not swim faster than ambient currents to influence dispersal outcomes, as much will depend on the orientation of their swimming. Orientation ability was also present in the smallest larvae studied, which indicates that the ability to directly influence dispersal outcomes is present in larvae from early in the pelagic stage.
It seems unlikely that the buoyancy of the larvae (which was accommodated to the surface when released) would have strongly influenced their vertical distribution behaviour (Govoni & Forward 2008) . Previous work using in situ methodology (e.g. Leis & Carson-Ewart 2001 , Leis 2004 shows that individual larvae often swim over a range of depths during short time intervals and that larvae select different depths in different locations, a clear indication that buoyancy per se is not an overriding influence in depth selection. In 2 families, a loose correlation (R 2 = 0.45 to 0.47) was found between pressure preference of larvae tested in the laboratory and their capture depth, but no correlation was found in 2 other families (Huebert 2008) . This again suggests that buoyancy is not a strong determinant of vertical distribution, especially in larvae that swim strongly.
By controlling their vertical distribution, larvae can potentially influence their dispersal indirectly where current velocity differs with depth, as it does in many coastal environments. Vertical distribution behaviour differed not only among species, as might be expected (Leis 2004 ), but also ontogenetically. One species was particularly surface oriented, another avoided the surface and was most common at 7 to 12 m, whereas the other 2 species had wide vertical distributions, with modes between 2.5 and 7.5 m. Two species undertook ontogenetic ascents, 1 species undertook an ontogenetic descent, and 1 species showed no ontogenetic difference in vertical distribu-tion. Therefore, the manner in which vertical distribution might influence dispersal will vary among species and will also vary at different stages in development within a species.
Surprisingly strong behavioural differences were found between the 2 species of Epinephelus. These serranid species differed in swimming speed, at least initially, in orientation, and in vertical distribution, in spite of the fact that they are very similar morphologically. Perhaps this difference is connected with their different habitat requirements as adults. Adult E. coioides live on inshore coral reefs, often in turbid waters, including estuaries, whereas adult E. fuscoguttatus live on coral reefs in more offshore, clear water. Possibly, different behaviours by the larvae are required in the 2 different habitats.
The present study documents differences in behaviour among both species and developmental stages of larval reef fishes: differences that have important implications for dispersal and, therefore, for connectivity. Behavioural differences among the larvae of the study species would result in different dispersal trajectories even for larvae within the same water mass at the same time. Further, because the behaviours studied here differ with size (and age) of the larvae, the extent to which behaviours can influence dispersal trajectories and the way in which they influence them will differ with size (and age). The developmental trajectories of the behaviours also differ among species, meaning that it will be difficult to predict how and to what extent behaviour may influence dispersal in other reef-fish species. This indicates it is misleading to adopt a one-size-fits-all approach to incorporating larval-fish behaviour into considerations of larval dispersal either among species, or even within species at different stages in developmental (Leis 2007) . 
